A comprehensive estimation of water budget components, particularly groundwater storage (GWS) 46 and fluxes, is crucial. In this study, we evaluate terrestrial water budget of the Donga basin (Benin, 47 West Africa), as simulated by three land surface models (LSMs) While as the seasonal variations of GWS are overestimated by all the models. These seemingly 54 contradictory simulation results can be explained by the overly high specific yield prescribed in 55 all models. All models achieve similar GWS simulations but with different fractions of 56 precipitation partitioning into surface runoff, baseflow and evapotranspiration (ET), suggesting 57 high uncertainty and errors in the terrestrial and groundwater budgets among models. The poor 58 performances of models can be attributed to bias in the hydrological partitioning (baseflow vs. 59 surface runoff) and sparse sub-surface data. This analysis confirms the importance of subsurface 60 hydrological processes in the current generation of LSMs and calls for substantial improvement in 61 both surface water budget (which controls groundwater recharge) and the groundwater system 62 (hydrodynamic parameters, vertical geometry). 
In addition, the remained excess water after saturating the entire soil column is treated as the 171 saturation excess baseflow, and is added into the baseflow generated by the SIMTOP scheme 172 (Oleson et al. 2010) . The unconfined aquifer is assumed to have a storage capacity of 5000 mm, 173 with a 25-meter depth to bedrock (Oleson et al. 2010) . runoff, and ET and thus, on the larger scale water budget. The simulated domain is discretized into 179 elementary units, each including a shallow WTD. They are designed to be watersheds, but they 180 distribution of the topographic index is used as a template to laterally distribute the WTD around 182 its mean value, which varies in time with the water budget. According to the concept of 183 TOPMODEL, the WTD distribution controls the saturation excess runoff and baseflow to the 184 streams. This distribution also influences the water exchanges with the root zone (recharge and 185 capillary rise, both defining the net recharge). The resulting soil wetness in the root zone and 186 surface layer (2 cm) drives the infiltration-excess (Hortonian) runoff and ET described using 187 classic soil-vegetation-atmosphere transfer formulations, mostly derived from the Mosaic LSM 188 (Koster and Suarez 1992) . For computational efficiency, all processes related to the spatial WTD 189 distribution are approximated by empirical functions of mean WTD. 190 In this framework, it is noteworthy that GWS and specific yield are not defined in a standard way 
Results 266
a. Total water budget 267 Table 1 shows that the three LSMs simulate noticeably different water budget partitions. For ET, 268 the simulations of MATSIRO (79% of multi-year mean precipitation P) and CLM4 (72% of P) 269 12 are much larger than that of the CLSM (57% of P), and they are closer to the ET estimates obtained 270 from the two satellite datasets (66% to 71% of P). For streamflow (Q), the simulations of the 271 CLSM (42% of P) and CLM4 (28% of P) are larger than that of the MATSIRO (18% of P), and 272 they are all larger to much larger than the corresponding streamflow observations (12% of P). 273
Regarding the total runoff partitioning between surface runoff and baseflow, the three models also 274 present contrasted results. The MATSIRO and CLM4 simulate nearly two-thirds of total runoff as 275 baseflow, whereas the CLSM simulates all runoff as surface runoff. The simulated groundwater 276 recharge (taken here as the net recharge, i.e. the downward recharge reduced by upward capillary 277 fluxes to the unsaturated zone) is a small fraction of precipitation in all three models, but it 278 decreases with the importance of surface runoff: 8, 4, and 1 % of P for the MATSIRO, CLM4, and 279 CLSM, respectively. 280 during the rainy/dry season, and as the forcing data are the same for all three models, we attribute 293 these defects to the overestimation of surface and total runoff during the rainy season, and 294 excessive capillary rise during the dry season, probably linked to the too shallow WTD(discussed 295 in section 6). 296
Regarding total runoff simulations, all models are consistent with the observations in that no 297 streamflow occurs in the absence of rainfall, but they show an excessive runoff production at the 298 beginning of the rainy season, which is particularly strong for the CLSM. too, captures the interannual variability of peak flows, although they are strongly overestimated, 302 especially during the first two years, which are drier (less annual mean runoff and precipitation 303 than the last two years, Table 1 ). The MATSIRO, in contrast, underestimates the peak runoff, 304 which balances the overestimation found at the monsoon onset, so the annual mean runoff is close 305 to observations, while the other two models exhibit a positive bias. 306
The monthly changes of total water storage (dS/dt) are similar in all three models and consistent 307 with the corresponding observations, except for the slight overestimation of the peak in the summer 308 of 2008 by both the MATSIRO and CLM4. Although all three models exhibit similar monthly 309 dS/dt, the partitioning between monthly ET and runoff differs significantly and this discrepancy 310 can be attributed to differences in the parameterizations linking these fluxes to the various water 311 storage components (groundwater and soil moisture) and/or in the parameters on each model. (approximately 4 m) in September, one month after the maximum rainfall, and starts to decline 318 rather steadily to the deepest observed level of the year (approximately 9.6 m) in March-April, 319 before the onset of the monsoon. By contrast, the WTD simulated by all three models displays a 320 lag of 1 to 2 months, and much lower seasonal amplitudes (approximately 1-1.5 m, one order of 321 magnitude smaller than the observations), around a shallower mean depth. The CLM4 simulated 322 WTD ranges from 2.8 m in July to 3.9 m in October, whereas the CLSM and MATSIRO simulated 323 WTD are in the ranges of 2-3.1 and 3.2-4.7 m, respectively. Important differences between the 324 simulated and observed WTD result from uncertainties in the groundwater system properties, 325 particularly the depth to bedrock and the porosity. To examine the effect of these uncertainties, we 326 measured the anomalies in the GWS (with respect to its mean over the period, ΔGWS), based on 327 the following equation: 328
where Sy is the specific yield and Δh (in meters) is the anomaly of the WTD (with respect to its 330 mean over the period). The specific yield, also called drainable porosity, indicates the fraction of 331 the bulk aquifer volume that can be drained out under gravity. In unconfined aquifers, it is 332 equivalent to the effective porosity and makes the link between the changes in WTD and GWS. 333
The GWS here is defined using Eq. 2. On the basis of magnetic resonance sounding, Séguis et al. Both observations and simulations exhibit strong seasonal variations in GWS, which respond to 343 the alternation of clearly distinguishable wet and dry seasons. Like for the WTD, the observed 344 ΔGWS rises rapidly at the onset of the rainy season in June-July, whereas the simulated ΔGWS 345 by the models responds more slowly, with a lag of approximately 2 months relative to the 346 observations, which is likely due to excessive early runoff generation in the models (Figure 2c) . 347
But in contrast to the WTD, the mean annual amplitude of ΔGWS is overestimated by the models: the monthly changes of observed GWS (based on Eq. 2) are also plotted in Figure 6a . For all three 374 models, the seasonal dynamic of the GWS is rather well captured, although the decrease of GWS 375 after the annual peak (negative monthly GWS change) tends to start too late. The monthly changes 376 of GWS simulated by the MATSIRO and CLSM are close to each other and consistent with the 377 observations, while CLM4 considerably overestimates these monthly changes. 378
According to the groundwater budget equation, changes in GWS must be balanced by the 379 difference: groundwater recharge -baseflow. Thus, the overestimation of GWS variations by 380 CLM4 may be explained, at least partially, by its much higher recharge (for both peak recharge in 381 plotted separately (Figure 6c and 6d) . Another important difference between the three models is 383 that only CLM4 and the CLSM simulate negative groundwater recharge (occurring when capillary 384 rise outweighs gravity drainage) during the dry months. The negative recharge in the MATSIRO 385 is very weak, which helps this model to simulate the highest mean recharge (Table 1 ). The three 386 models simulate between 1% and 8% of annual precipitation as recharge (8% for MATSIRO, 4% 387 for CLM4, and 1% for the CLSM). In comparison, the recharge estimates from a model-based 388 analysis based on the calibration of routing scheme on observational river discharge, Kamagaté For baseflow, the simulations of all three models differ significantly. CLM4 simulates the largest 392 amount of baseflow (108 mm/yr, 38% of total runoff), followed by the MATSIRO (68 mm/yr, 393 32% of total runoff), whereas the CLSM simulates only a negligible amount of baseflow (4 mm/yr, 394 0% of total runoff). The baseflow ratio in all models is less than 40% of total runoff, so 395 considerably lower than the estimate of 70%-90% reported by other studies (Kamagaté et 
Discussion 414
The closure of the water budget is not perfect when based on observational estimates (Table 1) explains why the models simulate an excessive GWS decrease at the beginning of the rainy season 453 (Figures 4 and 6a) . Correspondingly, the excessive increase of GWS at the end of the rainy season 454 (in the same figures) may be attributed to the underestimation of baseflow and ET by the three 455
models. 456
To further explore how the simulated hydrological fluxes affect ΔGWS, we changed the surface 457 runoff generation parameterization in CLM4 by performing two experiments ( Figure S1 ): 1) In the 458 first experiment (EXP1) the generating factor for the surface runoff parameterization was 459 decreased to 10 times compared to the controlled simulations (CON-SIM). 2) In the second 460 experiment (EXP2), the generating factor of surface runoff parameterization was increased by 50% 461 compared to the CON-SIM. In the experiments, the changes in surface runoff leads to changes in 462 infiltration, recharge and baseflow. The results show that the total runoff simulations along with 463 ΔGWS do not show significant differences because of the counter-balance effect of recharge and 464 baseflow on ΔGWS. Also, the increased baseflow is compensated by the reduced surface runoff 465 in EXP1 and vice versa in EXP2; thus, the total runoff remains nearly unchanged in both the 466 experiments. Therefore, while the modification in parameterization can partially improve the 467 simulations of certain water budget fluxes (e.g., recharge and baseflow), the modified simulation 468 may not improve the simulation of overall water budget and ΔGWS. Further evaluations with a 469 combination of other improved model parameterization and more suitable specification of 470 groundwater parameters are required to explore for future improvement. 471 21 Furthermore, a series of sensitivity tests were carried out in CLM4 to evaluate the impact of the 472 specification of specific yield on ΔGWS simulations. The results show that although ΔGWS is 473 considerably influenced by these modifications (Figure S2 ), the modification of the specific yield 474 value to the in-situ value (0.02) does not result in improved GWS simulations. Furthermore, there 475 is negligible change in the total runoff simulations and WTD (Table S1 ). It is clear that 476 groundwater simulation should be sensitive to the specific yield, but its value is not the only 477 parameter which causes the uncertainty in groundwater simulations. Other factors of uncertainty 478 sources such as the depth to bedrock, the bias in hydrological fluxes partitioning, and the 479 uncertainty in model structures (e.g., non-representation of the lateral groundwater flow), all need 480 to be considered in current LSMs to best improve model simulations. We recognize these 481 limitations in our modeling study and their improvement will be investigated in our future studies. 482
The analysis in this study overlooks a major feature of the Donga basin, namely the co-existence 483 of two different water tables (Séguis et al. 2011 ): a deep one in the saprolites, mostly related to 484 storage processes, and surveyed by the 24 wells analyzed in this study; a seasonal perched WT, 485 mostly related to baseflow production, as illustrated by the fact that the WTD and GWS mostly 486 decrease between November and April, when streamflow is negligible (Figure 2c 
Conclusions 508
This study aims at evaluating the terrestrial water budget simulated by three LSMs (CLM4, CLSM, 509 and MATSIRO) over the Donga basin (Benin, West Africa). This well-monitored 586-km 2 sub-510 basin in the upper Ouémé basin is the most humid among the three AMMA-CATCH study sites 511 in the ALMIP2 project. All three LSMs are driven by the same atmospheric forcing data, and their 512 simulations are evaluated against the same set of observational data. A particular emphasis of this 513 study is placed on groundwater budget simulations since all three models include an unconfined 514 aquifer representation, which remains a rare feature in state-of-the-art LSMs. 515 23 despite many differences in their groundwater properties (e.g., specific yield, depth to bedrock, 517 baseflow rates) and simulated water fluxes (ET, surface runoff, baseflow, recharge). The overall 518 water budget is well captured by the MATSIRO and CLM4, but the CLSM fails to capture the 519 contrasted seasonal cycle of observed ET, which reveals tight links, probably too strong, with the 520 groundwater. The considerably overestimated ET during the dry season by CLSM can be attributed 521 to its too shallow WT which overstimulates capillary rise to the overlying soil layers. The 522 significant underestimation of ET at the beginning of the rainy season is likely coupled to the 523 underestimation of infiltration induced by the excessive runoff. In contrast, the MATSIRO and 524 CLM4 achieve a favorable agreement with the satellite-derived ET, despite the consistency with 525 the CLSM in the simulated shallow WT and overestimated runoff at the beginning of rainy season. 526
Major improvements can be expected from the adequate estimation of the sensitive parameters 527 through reliable regional information, either by direct parameter specification or through 528 calibration. For instance, the above results suggest that the infiltration capacity should be reduced 529 in the CLSM. Regarding the groundwater compartment, the specific yield and the baseflow rate 530 are shown to significantly contribute to the dispersion of the simulated GWS and WTD among the 531 models. The vertical geometry of the groundwater system is also relevant, as highlighted by 
